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A B S T R A C T
Soil microorganisms are an important indicator of soil fertility and health. However, our state of knowledge
about soil microbial activities, community compositions and carbon use patterns under metal contaminations is
still poor. This study aimed to evaluate the inﬂuences of heavy metals (Cd and Pb) on soil microorganisms by
investigating the microbial community composition and carbon use preferences. Metal pollution was approached
both singly and jointly with low (25 and 2500mg kg−1) and high (50 and 5000mg kg−1) concentrations of Cd
and Pb, respectively, in an artiﬁcially contaminated soil. In a laboratory incubation experiment, bio-available
and potentially bio-available metal concentrations, selected soil properties (pH, electrical conductivity, total
organic carbon and total nitrogen), and microbial parameters (microbial activity as basal respiration, microbial
biomass carbon (MBC) and microbial functional groups) were determined at two sampling occasions (7 and
49 days). Metal contamination had no eﬀect on the selected soil properties, while it signiﬁcantly inhibited both
microbial activity and MBC formation. Contaminated soils had higher microbial quotient (qCO2), suggesting
there was higher energy demand with less microbially immobilized carbon as MBC. Notably, the eﬃciency of
microbial carbon use was repressed as the metal concentration increased, yet no diﬀerence was observed be-
tween metal types (p > 0.05). Based on the microbial phospholipid fatty acids (PLFA) analysis, total PLFAs
decreased signiﬁcantly under metal stress at the end of incubation. Heavy metals had a greater negative in-
ﬂuence on the fungal population than bacteria with respective 535 and 832% fall in abundances. The con-
taminant-driven (metal concentrations and types) variation of soil PLFA biomarkers demonstrated that the heavy
metals led to the alteration of soil microbial community compositions and their activities, which consequently
had an adverse impact on soil microbial carbon immobilization.
1. Introduction
Soil is a heterogeneous mixture of physical, chemical and biological
components that determine soil function and ecosystem services (Doran
and Parkin, 1996). Soil can deliver nutrients, and provide habitats and
support for living organisms (Lehmann and Kleber, 2015). It can also be
a large sink for organic and inorganic compounds, including heavy
metals and metalloids (Seshadri et al., 2015). Both natural and an-
thropogenic processes can lead to the release of heavy metals into the
ecosystem (Khan et al., 2010; Margesin et al., 2011). The biohazard
nature of metals has captured community attention, leading to in-
creasing public awareness and research regarding the metal toxicity
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and persistence in terrestrial ecosystems (Bolan et al., 2014).
Soil microorganisms are the essential driving force for many critical
ecosystem processes (Carney and Matson, 2005; Yang et al., 2015),
especially the active microorganisms which regulate carbon (C) and
nutrient cycling in soils (Blagodatskaya and Kuzyakov, 2013; Creamer
et al., 2015; Farrell et al., 2014). In order to adapt to the variation in
environmental conditions, microorganisms may shift their energy
management strategies by altering their C use preferences (Tripathy
et al., 2014). Thus, soil microorganisms can be a promising indicator for
monitoring the soil fertility and health conditions (Igalavithana et al.,
2017a). Microbial metabolic quotient (qCO2) is deﬁned as the micro-
bially respired CO2C per unit of MBC, serving as an ecophysiological
indicator for soil microbial activity status (Anderson and Domsch,
1993). Additionally, various microbial functional groups have im-
portant roles in dictating various soil biochemical reactions (Wertz
et al., 2007).
The microbial population is highly sensitive to soil environmental
changes and stresses, leading to microbial C use patterns variation re-
lated to the change in environmental parameters (Frey et al., 2001).
While some heavy metals serve as micro-nutrients and are necessary for
maintaining biological functions of microorganisms, excessive quan-
tities of heavy metals lead to bio-toxicity, inhibit microbial activity and
alter the community composition (Choppala et al., 2014; Khan et al.,
2007). The interaction between soil microorganisms and heavy metals
can also aﬀect metal functional groups, leading to metal mobilization,
dissolution, leaching and redox transformation, or immobilization
through organic-metal binding and precipitation (Gadd, 2004). Due to
metal stress, soil microorganisms alter energy management by diverting
more resources into maintenance rather growth (Dilly, 2005; Tripathy
et al., 2014).
Numerous earlier studies focussed on the physiochemical interac-
tions between metals and soil components (e.g., organic matter, clay
minerals, oxidic particles) (Adriano et al., 2004), but little attention was
given to the speciﬁc and systemic elucidation of the impact of metals on
soil microbiota, and most importantly, alteration of microbial C use
patterns in soils. The identiﬁcation of phospholipid fatty acids (PLFAs)
has been introduced as a relatively eﬀective way to reveal critical in-
formation on the negative eﬀects of metal contamination because it can
identify microbial community structure alteration due to metal toxicity,
which helps to interpret the microbial C mediation strategy (Lenart and
Wolny-Koładka, 2013). An understanding of the relationship between
heavy metals and microbial properties, including activity and com-
munity composition, will contribute to the interpretation of microbial C
use patterns under metal contamination, which is scarcely reported in
the literature. In addition, there have been studies on the eﬀect of high
concentration of heavy metals (2500 and 5000mg Pb kg−1 soil) on
phytoremediation performance of plants (Epelde et al., 2008), but the
lack of soil microbial information leaves a huge knowledge gap about
the underground soil bio-chemical reactions under such high level of
metal contamination (Chenery et al., 2012; Wuana and Okieimen,
2011), which the current study aims to address.
As such, we included Cd and Pb (as comparatively mobile and less
mobile metals) with diﬀerent spiking concentrations, singly and to-
gether. Following ageing of the metal-spiked soils for 4 weeks, micro-
bial parameters and the bio-availability of metals were investigated
twice during a 49 day incubation period. Such a controlled situation
experiment allowed us to investigate soil microbial C use strategy by
reducing the impacts of soil types and pollutant interactions, which
otherwise is a highly heterogeneous environment (Ahmad et al., 2016).
We hypothesised that: (i) metal toxicity would vary depending on the
metal types and contamination levels, (ii) microbial activity, MBC and
qCO2 would vary due to heavy metal stress, and (iii) microbial func-
tional groups composition would show change under diﬀerent metal
contaminations.
2. Materials and methods
2.1. Soil preparation, spiking and analysis
A fresh soil sample was collected in July 2014. The sampling site
was selected to be away from roots and vegetation inﬂuence located in
the Barossa Valley region, South Australia (138°5737E, 34°2748S).
The region is identiﬁed as Mediterranean climate with the major soil
type as Sodosol, according to the Australian Soil Classiﬁcation system
(Isbell, 1996). Sodosols are identiﬁed as relatively highly sodic yet low
acidity (pH > 5.5) soils. Those features indicate Sodosols are very
vulnerable to erosion, especially with the absent of soil microorganisms
under contamination (Mine, 2014). The highest annual average tem-
perature is 22.3 °C while the lowest average is 12.2 °C, and the average
annual rainfall is 437mm (Xu et al., 2018). The soil was processed by
removing all ﬁne roots and debris, air drying, homogenising and pas-
sing through< 2mm sieve. Soil pH and EC were determined in 1:5 (w/
v) soil suspension in deionized water with a pH/conductivity meter
(smartCHEM-LAB Laboratory Analyser, TPS Pty Ltd., Springwood, QLD,
Australia). Soil texture was determined following the micro-pipette
method (Miller and Miller, 1987). Soil cation exchange capacity (CEC)
was determined by extracting the soil with NH4
+, followed by the
determination of the concentration of NH4
+ (Ross and Quirine, 1995)
on a Continuous Flow Analyser (San++, Skalar Analytical B.V., Breda,
Netherlands). Soil total organic C (TOC) and Total nitrogen (TN) were
measured by Leco C/N Analyser (Leco TruMac® CNS/NS Analyser,
LECO Corporation, Osaka, Japan). In brief, 0.2 g soil sample was
weighed and combusted at 1300 °C with an O2 ﬂow for 5 s. For cali-
bration, a standard weight of Leco EDTA reference material (containing
95.7 g N kg−1 and 410 g C kg−1) was added every 10 samples. The
experimental soil was slightly acidic (pH=5.51) with EC value of
27.53 mS cm−1, and CEC value of 32.71 cmol (p+) kg−1. The initial
TOC and TN contents of the studied soil were 2.29% and 0.14%, re-
spectively (Xu et al., 2018). The soil was silty loam in texture, con-
taining 32, 26 and 42% of clay, silt and sand, respectively. Soil water
holding capacity (WHC, the water held between ﬁeld capacity and
permanent wilting point, i.e., available water in this research) was
measured before air drying in order to adjust all the samples to 50% of
the initial WHC. Then soils were incubated at 25 °C and 28% relative
humidity for a week before conducting the microbiological analysis.
In this research, soil was spiked with low and high levels of Cd
(NO3)2 and Pb(NO3)2. To demonstrate the relationship between metal
types and their toxicities, the metals were added into soils both sepa-
rately and jointly. Control soil portions were prepared with the absence
of metal contamination, but similarly amended with KNO3 to com-
pensate the amount of nitrate added to the polluted soil (Leita et al.,
1993). Brieﬂy, both metal and KON3 solutions were sprinkled evenly on
the soil spread on a polyethylene sheet. To achieve homogenisation,
soils were stirred and mixed thoroughly on an end-over-end shaker
(Lamb et al., 2016). Then soils were air-dried, aged for 4 weeks at room
temperature, and passed through a 2-mm sieve. The ﬁnal concentra-
tions of metals in the spiked soils for each treatment are listed in
Supplementary Material (SM. 1). All experiments were conducted in
triplicate.
2.2. Potentially available and bio-available heavy metals
Bio-available and potentially available heavy metal concentrations
were measured by extracting the amended and unamended soils with
0.01M CaCl2 and 0.05M EDTA solutions, respectively, (1:10w/v, with
60min reaction time) (Sparks et al., 1996). The metal concentration in
0.01M CaCl2 extractions presents a distinguishing indicator for metal
bio-availability in soils (Ok et al., 2011b). The bio-available and po-
tentially available metals were measured on day 7 and again at the end
of the incubation (day 49). The extracts were ﬁltered through a 0.45 μm
nylon ﬁlter before analysis by inductively coupled plasma mass
Y. Xu et al. (QYLURQPHQW,QWHUQDWLRQDO²

spectrometry (ICP-MS, Agilent 7900, Agilent Technologies Ltd., Santa
Clara, CA, USA). Uncontaminated soils (without Cd and Pb spiking)
were set up as control treatments. The treatments and respective sample
abbreviations are as follows: uncontaminated soils are referred as
control, soils spiked with low and high Cd concentrations are referred
as CL and CH, respectively, soils spiked with low and high Pb con-
centrations are referred as PL and PH, respectively, soils spiked with
both Cd and Pb at low concentrations are referred as CPL, while soils
spiked with both Cd and Pb at high concentrations are referred as CPH.
2.3. Microbial properties
The microbial activity of soils was monitored by measuring the
basal respiration (CO2 evolution) from the samples (El-Naggar et al.,
2015). In brief, 10 g soil was incubated in Schott bottles at 25 °C and
28% relative humidity, in dark for a 49 days incubation period. A 20mL
open-top vial containing 10mL of 0.05M NaOH solution was used to
trap the evolved CO2 within the sealed Schott bottles. Ten milliters of
freshly prepared alkali was replaced every time. Sampling and titration
were done on days 1, 3, 5, 7, 11, 15, 20, 25, 32, 39 and 49 of the soil
incubation. For each set, three blank Schott bottles (without soil) with
NaOH were incubated and titrated as described above as control. The
amount of evolved CO2 was thus measured, and the microbial re-
spiration was calculated using Eq. 1:
= − × × × ×MR MWCO V M 1000 DW T 2{ ( V) }/( )2 b s (1)
where, MR is the microbial respiration (mg CO2C kg
−1 soil h−1),
MWCO2 is the molecular weight of CO2, Vb is the volume (mL) of HCl
for the blank titration, Vs is the volume (mL) of HCl for the sample
titration, M is the concentration of HCl (0.03M), DW is the dry weight
of the soil (kg), T is the time of incubation (h), and 2 is the factor that
accounts for the fact that two OH− are consumed by one CO2.
Measurement of MBC followed the method of Vance et al. (1987). In
brief, 10 g dry weight equivalent soil was placed in 50mL beakers with
the presence of 50mL ethanol-free chloroform in a vacuum desiccator.
Simultaneously, a chloroform free set was prepared. To extract the C
after incubation, 40mL of 0.5 M K2SO4 was mixed with soils by an end-
over-end shaker for 1 h. Samples were then centrifuged and ﬁltered
through Whatman #40 ﬁlter papers. C content in the ﬁltrates was
analysed by a Total Organic C (TOC) Analyser (TOC-LCSH, Shimadzu
Corporation, Kyoto, Japan). MBC was calculated using Eq. 2:
=MBC E K/c c (2)
where, MBC stands for microbial biomass C (MBC, mg C kg−1 soil), Ec
stands for the C concentration value (mg C kg−1 soil) = (C extracted
from fumigated soils − C extracted from non-fumigated soils), and Kc
stands for the conversion factor (0.45) from chloroform C values into
MBC (Anderson and Domsch, 1989).
Phospholipid fatty acids (PLFAs) were used as biomarkers for de-
termining certain microbial functional groups abundances. PLFAs were
extracted following the method described by Frostegård et al. (1993),
and modiﬁed by Bossio et al. (1998). In brief, 8 g freeze dried soil was
extracted with one phase extraction mixture (Bligh and Dyer, 1959), 1:
2: 0.8 of chloroform: methanol: citrate buﬀer solvent. After shaking
(2 h) and centrifugation (4500 rpm), the upper solution was decanted
into non-transparent vials, and vortexed before standing over night.
The solution thus would change into two separated layers due to den-
sity diﬀerences. The left-over liquid was dried by purging with pure N2
gas at 32 °C. The thin solid phase left in vials was re-dissolved in
chloroform, and transferred with chloroform, followed by acetone and
methanol into a separation phase extraction (SPE) column. After drying
the leaching solution, 0.5 mL of 1:1 (v/v) of methanol:toluene and
0.5 mL of 0.2 M methanolic KOH were added in the glass tube. PLFAs
were converted into fatty acid methyl esters (FAMEs) with mild alkaline
methanolysis at 37 °C for 30min. After the samples cooled back to room
temperature, 1 mL deionized water, 0.15mL 1M acetic acid and 1mL
hexane were added. The mixture was vortexed and settled before the
upper layer was transferred into GC vials by a pipette.
FAMEs were analysed by gas chromatography combined with mass
selective detector (GCMS, Model 7890B/5977B, Agilent Technologies
Ltd., USA; AxION iQT with Cold EI Source, Perkin Elmer, Waltham, MA,
USA) with an RTX-5MS fused silica capillary column (60m,
250 μm×0.25 μm ﬁlm thickness) (Supelco, Sigma-Aldrich, Castle Hill,
NSW, Australia). Methylnonadecanoate (19:0) was added to each
sample as an internal standard. A Supelco 37 standard mixture
(Supelco, Bellefonte, Pa.) was used as standards to compare with re-
tention times of each PLFA peak. The speciﬁc microbial group was
described as nmol signature PLFA g−1 soil. The biomarkers for Gram-
negative (G−) bacteria were C16:1ω7c, C16:1ω9c; biomarkers for
Gram-positive (G+) bacteria were iC15:0, aC15:0, C15:0, iC16:0,
C16:0, iC17:0, aC17:0, C17:0; biomarkers for actinobacteria were
10MeC16:0, 10MeC17:0, 10MeC18:0; and biomarkers for fungi were
C18:2ω6c, C18:1ω9 (Frostegård et al., 1993; Zelles, 1999).
2.4. Statistical analysis
The Shaprio-Wilk test was used for normal distribution determina-
tion, and the Levene's homogeneity of variance test was also employed.
One factor ANOVA was used to test the signiﬁcant diﬀerences among
uncontaminated and various metal contaminated samples. In order to
test the diﬀerences between Cd and Pb treatments two-factor ANOVA
was used to test the main factor between the two metal types. The
spearman correlation coeﬃcients were used among soil and microbial
parameters. The least signiﬁcant diﬀerence (LSD) test was used and the
signiﬁcant diﬀerences accepted at p < 0.05. Principal components
analysis (PCA) was used for microbial PLFA data to elucidate the major
variation and covariation both for individual PLFA and microbial
functional groups using varimax rotation. All the statistical analyses
were performed in IBM SPSS version 23.0 (SPSS Inc., Chicago, USA).
3. Results
3.1. Soil properties and metal analyses
3.1.1. Soil pH, EC, total nitrogen and organic carbon
We determined the soil physiochemical characteristics twice during
the incubation period (7 and 49 days) in order to study the variations in
soil chemical properties under metal contamination. Soil pH increased
from an initial value 5.51 to ﬁnal 6.02 in the uncontaminated soil (SM.
2a). Microbial decomposition of organic matter led to a soil pH increase
at the initial incubation period. After 49 days of incubation, soil pH
decreased due to metal amendments. The lowest pH values were found
in CPH soil (pH=5.09 and 4.94, respectively). From day 7 to day 49,
soil pH slightly increased in samples spiked with Cd (CL and CH), while
it decreased in samples in the presence of Pb (PL and PH), also de-
creased in CPL and CPH. The pH diﬀerence was by 0.04 units between
CL and CH, whereas by 0.23, 0.21, 0.03 and 0.15 units in PL, PH, CPL
and CPH samples, respectively. The changes of soil electrical con-
ductivity (EC) are shown in SM. 2b.
Compared to control, after 7 days of incubation, the lowest EC value
(10.16 dS m−1) was in PL, followed by PH (11.32 mS cm−1) and CPH
(12.50 mS cm−1). The lowest EC was still in PL (9.66 mS cm−1) after
49 days of incubation, followed by CL (11.61 mS cm−1) and CPH (13.12
mS cm−1). There were no signiﬁcant (p > 0.05) correlation between
soil EC values and diﬀerent metal concentrations. Higher metal con-
centration showed relatively higher soil EC compared to lower metal
concentration. But with the inhibitory of microbial activity, such as
nitrogen metabolism repress and disruption of metabolism due to metal
toxicity, soil EC values are were not directly related to metal con-
centrations.
We measured TOC and TN contents after 49 days of incubation
(Table 1). After 49 days of incubation, CL and PL had the lowest TOC
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content (2.46%), and the lowest C/N ratio (9.77), whereas PL had the
smallest TN content (0.22%). The largest value of TN was in the un-
contaminated soil (0.27%), and the ratio of MBC to TOC had the lowest
value in CPH, while the greatest value was in the uncontaminated soil
(14.78 in control).
3.1.2. Bio-available and potentially available metal concentrations
Except CL, the bio-available Cd and Pb decreased with the incuba-
tion period (Fig. 1). By the end of incubation (49 days), the bio-avail-
ability of Cd signiﬁcantly decreased by 59% (CH), 58% (CPL) and 58%
(CPH) compared to those after 7 days (Fig. 1a). While comparing Pb
bio-availabilities at day 7 and day 49 of the incubation, it reduced by
100, 37, 23 and 30% in PL, PH, CPL and CPH, respectively (Fig. 1b). In
spite of the same initial input rates, the Cd bio-availability was sig-
niﬁcantly higher in CPH (11.82 and 5.04mg kg−1 soil at day 7 and 49,
respectively) than CH (3.83 and 1.57mg kg−1 soil at day 7 and 49,
respectively). Also, Pb bio-availability was signiﬁcantly higher in
CdePb co-contaminated samples (122.79 and 95.26mg kg−1 soil at day
7 and 49, respectively) than single Pb contamination (105.15 and
66.42mg kg−1 soil at day 7 and 49, respectively).
The potentially available (0.05M EDTA extracted) Cd concentration
slightly increased from 2.58 to 3.09mg kg−1 soil in CL, while decreased
from 6.06 to 5.55mg kg−1 soil in CH (Fig. 1c). The reduction was even
more noticeable in CPL (from 16.04 to 3.44mg kg−1 soil) and CPH
(from 48.18 to 12.44mg kg−1 soil) (Fig. 1c). Compared to the con-
centration on day 7, the potentially bio-available Pb increased in all
treatments by 22, 26, 66 and 45% in PL, PH, CPL and CPH, respectively,
on day 49 (Fig. 1d). Compared to the single Cd polluted soils, poten-
tially available Cd contents were much higher in the co-polluted soils
on day 7 (2.58 and 16.04mg kg−1 soil in CL and CPL, respectively, and
6.05 and 40.15mg kg−1 soil in CH and CPH, respectively). However,
such signiﬁcant diﬀerences disappeared on day 49 (p > 0.05, Fig. 1).
Table 1
Multiple comparisons of soil and microbial carbon contents under Cd, Pb and Cd+Pb contamination at diﬀerent concentrations after 49 days of incubation.
Means± SE (n= 3).
Heavy metal Sample Soil organic carbon (%) Soil nitrogen (%) C/N Cmin/Corg
Cd Control 2.73 ± 0.08a 0.27 ± 0.003b 10.21 ± 0.23a 14.78 ± 0.22b
CL 2.84 ± 0.05a 0.23 ± 0.003a 12.53 ± 0.36b 4.03 ± 0.17a
CH 2.68 ± 0.01a 0.25 ± 0.002b 10.57 ± 0.05a 2.87 ± 0.66a
Pb Control 2.73 ± 0.08a 0.27 ± 0.003b 10.21 ± 0.23a 14.78 ± 0.22b
PL 2.64 ± 0.00a 0.22 ± 0.002a 11.83 ± 0.14a 3.50 ± 0.30a
PH 2.59 ± 0.04a 0.23 ± 0.005a 11.34 ± 0.27a 2.89 ± 0.15a
Cd+Pb Control 2.73 ± 0.08b 0.27 ± 0.003a 10.21 ± 0.23a 14.78 ± 0.22b
CPL 2.46 ± 0.02a 0.25 ± 0.005a 9.77 ± 0.45a 2.95 ± 0.36a
CPH 2.67 ± 0.05b 0.23 ± 0.004a 11.42 ± 0.30b 2.26 ± 0.11a
Note: Abbreviation in table as: CL and CH indicate the soils spiked with low or high Cd concentration, PL and PH indicate the soils spiked with low or high Pb
concentration, CPL and CPH indicate the soils spiked with low or high Cd and Pb concentration. Diﬀerent letters in one treatment indicates signiﬁcance (p < 0.05)
among metal concentrations.
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Fig. 1. Bio-available Cd (a) and Pb (b), potentially bio-available Cd (c) and Pb (d) concentrations under diﬀerent treatments. Data are displayed as means, bars
indicate SE (n=3). CL and CH indicated the soils spiked with low or high Cd concentrations, PL and PH indicated the soils spiked with low or high Pb concentrations,
CPL and CPH indicted the soils spiked with low or high Cd and Pb concentrations.
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3.2. Eﬀect of heavy metals on microbial carbon use
3.2.1. Eﬀect of heavy metal toxicity on microbial activity
Microbial basal respiration rate and total respired CO2 were ana-
lysed to determine the soil microbial activity under metal stress (Fig. 2).
By the end of incubation, total respired CO2C diﬀered distinguishably
among diﬀerent metal treatments (Fig. 2a). Microbial respiration rates
in all the treatments reached the highest peak on day 1 followed by a
gradual decline over the incubation period (Fig. 2b). However, the re-
spiration rate in the uncontaminated soil (black solid line in Fig. 2b)
was higher than those in the contaminated soils (coloured lines)
throughout the incubation period. The respiration rates in metal-spiked
soils on day 1 followed the order: CPH < CH < CPL < PL < CL <
PH (0.29, 0.31, 0.37, 0.58, 0.66 and 0.75 μg CO2C g
−1 soil h−1) in the
respective treatments. After 49 days of incubation, the largest cumula-
tive CO2C production was in the control soil (351.41 μg CO2C g
−1
soil) (Fig. 2a). The cumulative CO2C productions were diﬀerent be-
tween PL and PH, but there was signiﬁcant diﬀerence between CL and
CH. At low metal concentrations, the cumulative microbial respiration
was decreased by 43, 47 and 68% in CL, PL and CPL treatments, re-
spectively, as compared to the control. At relatively higher metal con-
centrations, such decreases were 78, 55 and 77% in CH, PH and CPH,
respectively (compared to the control). The lowest cumulative CO2C
value was in CH (77. 52 μg CO2C g
−1 soil), followed by CPH (79.88 μg
CO2C g
−1 soil) by the end of the incubation period.
3.2.2. Microbial biomass carbon and carbon use
Soil MBC was inhibited by the metal toxicity (Fig. 3). Values of MBC
in contaminated soils were signiﬁcantly lower than uncontaminated
soil both on days 7 and 49. The MBC values in CL was 33% higher than
CH, in PL was 23% higher than PH, and in CPL was 7% high than CPH
after 7 days of incubation. The lowest MBC values were found in CPH
(57.80 mg kg−1 soil), followed by CPL (61.64mg kg−1 soil) and PH
(70.48 mg kg−1 soil). At the end of the incubation, compared to the
uncontaminated soil, MBC values were 72, 81, 77, 81, 82 and 85% less
in CL, CH, PL, PH, CPL and CPH, respectively. However, in general MBC
values increased at the end of incubation compared to those on day 7.
The largest increase was in the uncontaminated soil, from 247.40 to
403.86mg kg−1 soil. The diﬀerentiation of MBC is connected to mi-
crobial metabolism. Therefore, in order to understand microbial C
process, we calculated the microbial qCO2. In comparison to day 7,
microbial qCO2 values in all treatments decreased at the end of in-
cubation (Fig. 3 inset). On day 7, the highest qCO2 values were found in
the PL and PH treatments, while the uncontaminated soil had the
lowest qCO2. Although the qCO2 in PL and PH at day 7 were higher than
the other treatments, the values dropped by the end of incubation.
Despite the fact that Cd might exert a larger toxicity level due to its
higher mobility (Neethu et al., 2015), microbial qCO2 did not diﬀer
between single Cd and single Pb spiked soils in this study.
3.3. Microbial community composition
3.3.1. Total microbial PLFA
Microbial PLFAs were quantiﬁed to investigate speciﬁc microbial
functional groups and investigate the shift of microbial community
composition with heavy metal inﬂuences. After 7 days of incubation,
total PLFA did but not diﬀer from the uncontaminated soil
(41.72 nmol g−1 soil) than in the contaminated soils (37.97, 34.23,
35.63, 32.11, 30.69 and 27.84 nmol g−1 soil in CL, CH, PL, PH, CPL and
CPH, respectively) (SM. 3). By the end of incubation (49 days), the total
PLFA in the uncontaminated soil was signiﬁcantly larger than in the
contaminated soils. Compared to the control at day 49, total PLFA de-
creased by 53, 48, 44, 42, 38 and 36% in CL, CH, PL, PH, CPL and CPH,
respectively. However, total PLFA contents were not diﬀerent among
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Fig. 2. Cumulative respired CO2C with diﬀerent heavy metal contamination
(a), and microbial respiration rate variation (b) during 49 days of incubation.
Control indicated un-contaminated soils, CL and CH indicated the soils spiked
with low or high Cd concentrations, PL and PH indicated the soils spiked with
low or high Pb concentrations, CPL and CPH indicted the soils spiked with low
or high Cd and Pb concentrations. (For interpretation of the references to colour
in this ﬁgure, the reader is referred to the web version of this article.)
Fig. 3. Microbial biomass carbon and microbial quotient (inset table) in dif-
ferent treatment soils. Data are displayed as means, bars indicate SE (n=3).
Control indicated un-contaminated soils, CL and CH indicated the soils spiked
with low or high Cd concentrations, PL and PH indicated the soils spiked with
low or high Pb concentrations, CPL and CPH indicted the soils spiked with low
or high Cd and Pb concentrations.
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the spiked soils. There was no signiﬁcant (p > 0.05) correlation be-
tween speciﬁc microbial functional groups with soil organic C content
based on Spearman correlation analysis (Table 2). However, G+ bac-
teria were signiﬁcantly and positively correlated to both MBC and total
PLFA.
3.3.2. Microbial community structure
Each speciﬁc microbial functional group abundance is presented in
Table 3. After 49 days of incubation, the uncontaminated soil had the
largest biomarker values (fungi: 5.10 nmol g−1 soil, actinomycetes:
104.92 nmol g−1 soil, G+ bacteria: 89.44 nmol g−1 soil, and G− bac-
teria: 1.65 nmol g−1 soil). On day 49, the smallest PLFA value was for
fungi (1.42 nmol g−1) in PH, while values of 31.60 and 0.54 nmol g−1
soil for G+ and G− bacteria, respectively, occurred for the CPH
treatment. CdePb co-contaminated soils had the lowest actinomycetes
values too on day 49. The actinomycetes in uncontaminated soils over-
numbered CPL and CPH by 65 and 62%, respectively. After 49 days, the
microbial population increased, with the uncontained soils having the
largest values overall either at the beginning or at the end of incuba-
tion. On day 7, microbial biomarker concentrations were 1.69, 43.16,
37.42 and 0.42 nmol g−1 soil for fungi, actinomycetes, G+ and G−
bacteria, respectively. On day 7, the smallest fungi (1.10 nmol g−1 soil),
G+ (25.38 nmol g−1 soil) and G− (0.25 nmol g−1 soil) populations
were found in CPH. The ratio of G+/G− and bacteria/fungi (B/F)
values both decreased at day 49 as compared to day 7 of the incubation.
Compared to uncontaminated soils, all microbial functional groups
decreased in metal-polluted soils. However, the microbial populations
varied, which was shown by the ratio of G+/G− bacteria and B/F
values. By the end of incubation (day 49), the largest G+/G− ratio was
in PL (64.42), followed by PH and CPL, while the lowest ratio was in CH
(36.87). In most cases, the B/F values were signiﬁcantly increased
under metal contamination as compared to the uncontaminated soil.
The principal component score plot based on PLFA biomarkers
under metal stresses showed a distinguishable diﬀerence among treat-
ments (Fig. 4). This indicated a shift in the microbial community
structure that was strongly impacted by heavy metal treatments. In
addition, certain biomarkers for bacteria and fungi were suppressed
under metal-pollution (Fig. 4 and Table 3). On day 49, biomarkers for
G+ and G− bacteria (aC17:0, iC17:0, aC15:0, iC16:0, C16:0, iC15:0,
C15:0) and fungi (C18:1ω9) were generally positively positioned on
PC1 and negatively on PC2 values, while actinomycetes biomarkers
(10MeC16:0, 10MeC18:0 and 10MeC17:0) were positioned along the
PC2 positive axis, especially 10MeC16:0 was remarkably positioned on
the negative value on PC1 (Fig. 4a). This indicated that soil microbial
populations were being driven more by G+ and G negative bacteria
than fungi and actinomycetes at the end of incubation. However, at the
beginning of the incubation, microbial signature proﬁles showed sig-
niﬁcantly diﬀerent patterns than on day 49 (Fig. 4b). Still, positive
values of PC1 were generally assigned to bacteria. The most promi-
nently diﬀerence was observed for G+ bacteria bio-signature iC17:0
and fungi bio-signature C18:1ω9. They were PC1 positive and PC2
negative on day 49, but PC1 negative and PC2 positive on day 7. This
suggested the negative eﬀect of heavy metals on microbial populations.
The reduction of fungal and G+ bacterial PLFAs contributed to the
Table 2
Spearman correlation coeﬃcients (n=7) among soil and microbial parameters as aﬀected by heavy metals.
G+/G− B/F Total PLFA G+ G− Fungi MBC TOC TN
G+/G− 1 0.71 0.18 0.14 −0.75 −0.36 −0.18 0.50 −0.36
B/F 1 0.39 0.54 −0.39 −0.71 −0.39 −0.21 0.50
Total PLFA 1 0.93⁎⁎ 0.57 0.89⁎⁎ 0.99⁎⁎ 0.71 0.29
G+ 1 0.54 0.89⁎⁎ 0.93⁎⁎ 0.68 0.04
G− 1 0.75 0.57 0.07 0.29
Fungi 1 0.89⁎⁎ 0.50 0.07
MBC 1 0.71 0.29
TOC 1 0.14
TN 1
Note: Abbreviation in table as: CL and CH indicate the soils spiked with low or high Cd concentration, PL and PH indicate the soils spiked with low or high Pb
concentration, CPL and CPH indicate the soils spiked with low or high Cd and Pb concentration. G+ and G− as Gram positive and negative bacteria, respectively, B/
F as ratio of bacterial and fungi, MBC as microbial biomass carbon, TOC as total organic carbon, TN as total nitrogen.
⁎⁎ Correlation is signiﬁcant at 0.05 level.
Table 3
Comparison of Gram-positive bacteria (G+ bacteria), Gram-negative bacteria (G− bacteria), fungi and actinomycetes as obtained through respective PLFA proﬁles
(nmol g−1 soil). B/F is the ratio between bacterial and fungal PLFA values. Means± SE (n= 3).
Sample G+ bacteria G− bacteria Fungi Actinomycetes G+/G− bacteria B/F
Day 49
Control 89.44 ± 5.51 1.65 ± 0.09 5.10 ± 0.25 104.92 ± 6.46 54.19 ± 3.40 17.87 ± 1.01
CL 43.15 ± 2.39 0.83 ± 0.06 2.15 ± 0.09 49.08 ± 2.18 51.81 ± 2.01 20.44 ± 1.21
CH 39.14 ± 3.69 1.06 ± 0.08 1.86 ± 0.24 45.55 ± 2.39 36.87 ± 2.39 21.60 ± 0.71
PL 37.73 ± 3.06 0.59 ± 0.04 1.87 ± 0.26 43.06 ± 3.85 64.42 ± 3.85 20.51 ± 0.54
PH 33.75 ± 2.39 0.56 ± 0.04 1.42 ± 0.17 38.74 ± 3.02 60.22 ± 3.02 24.14 ± 0.67
CPL 34.37 ± 2.36 0.57 ± 0.06 1.69 ± 0.16 39.38 ± 2.15 60.76 ± 2.15 20.64 ± 0.67
CPH 31.60 ± 2.74 0.54 ± 0.06 1.59 ± 0.16 36.70 ± 2.44 58.70 ± 2.44 20.27 ± 0.81
Day 7
Control 37.42 ± 1.54 0.42 ± 0.02 1.69 ± 0.11 43.16 ± 2.37 89.97 ± 5.50 22.44 ± 2.12
CL 34.42 ± 1.52 0.34 ± 0.04 1.60 ± 0.15 38.96 ± 4.21 101.22 ± 3.35 21.77 ± 1.53
CH 30.97 ± 1.23 0.31 ± 0.02 1.19 ± 0.05 35.40 ± 1.34 100.65 ± 5.49 26.28 ± 1.69
PL 32.15 ± 1.20 0.32 ± 0.01 1.53 ± 0.05 36.64 ± 1.69 100.64 ± 7.02 21.23 ± 1.56
PH 29.13 ± 1.58 0.32 ± 0.04 1.18 ± 0.10 33.04 ± 1.77 90.77 ± 3.73 24.94 ± 1.40
CPL 27.65 ± 2.76 0.35 ± 0.03 1.23 ± 0.07 31.59 ± 2.26 79.03 ± 8.73 22.67 ± 1.90
CPH 25.38 ± 2.60 0.25 ± 0.03 1.10 ± 0.06 28.47 ± 1.61 103.18 ± 7.64 23.26 ± 0.51
Note: Abbreviation in table as: CL and CH indicate the soils spiked with low or high Cd concentration, PL and PH indicate the soils spiked with low or high Pb
concentration, CPL and CPH indicate the soils spiked with low or high Cd and Pb concentrations.
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overall microbial community shift in the metal contaminated soils. In
addition, the biomarkers of G− bacteria and actinomycetes did not
show a signiﬁcant change.
4. Discussion
4.1. Soil conditions and metal bio-availability during incubation
Metals such as Cd and Pb are preferentially absorbed via passive
uptake as they are not essential elements to organisms. This type of
metal bio-availability is more dependent on chemical (diﬀusion or mass
ﬂow) than physiological processes (Kim et al., 2015). There was no
diﬀerence between Cd and Pb bio-availabilities at the end of incubation
based on the two-factor ANOVA analysis. However, Cd2+ generally
showed less potential availability in comparison with Pb2+ in the soil
solution. Soil pH is a critical factor in determining metal speciation and
mobility in soils (Bolan et al., 2014; Ok et al., 2011a). With increased
soil pH, the heavy metal bio-availability was reduced (Houben et al.,
Fig. 4. Plot of principal component analysis (PCA) showing individual PLFA loading score variation based on phospholipid fatty acid (PLFA) patterns after 49 (a) and
7 days (b) of incubation. Arrows with diﬀerent colours indicate biomarkers for Gram+ (black), Gram− (green), Fungi (blue) and Actinomycetes (red). (For in-
terpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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2013). However, Lenart and Wolny-Koładka (2013) demonstrated that
pH diﬀerentiation had limited eﬀects on microbial abundance in heavy
metal contaminated soils. While Chodak et al. (2013) argued that soil
pH was the determining factor for soil bacterial community composi-
tion.
There were conﬂicting reports on soil pH changes with organic
amendment addition/decomposition in soils. The plausible reasons for
soil pH increase in the initial period of incubation in this study are: (i)
proton consumption and adsorption onto exchange sites due to organic
anion oxidation, (ii) production of NH3 and basic cations due to organic
matter decomposition, (iii) replacement of hydroxyl ions by organic
anions on sesquioxide surfaces, and (iv) increased microbial biomass
leading to the development of reducing conditions (Noble et al., 1996;
Yan et al., 1996; Pocknee and Sumner, 1997). Towards the end of the
incubation, Na+ in the slightly acidic Sodosol were likely replaced by
H+ in the clay complexes creating an increase of exchangeable acidity
(Noble and Randali, 1999).
Previous research demonstrated that soil EC aﬀected metal bio-
availability (Farrell et al., 2010; Salimi et al., 2012). Therefore, soil EC
may alter both the bioremediation and phytoremediation in con-
taminated soil. Because the concentration of Ca, Mg and Na are the
main factors that aﬀects soil EC, the two metals in this research did not
lead to signiﬁcant diﬀerences in soil EC values. The diﬀerences between
potentially available Cd and Pb contents in soils could be attributed to
their relative mobility in soils. Generally, the relative mobility of Cd in
soil solution is higher than Pb (Kim et al., 2015; Ok et al., 2011a,
2011b). In the current study, the potential availability of metals was
signiﬁcantly aﬀected by the spiked metal concentrations, which con-
sequently aﬀected the soil microbial activities. Similar conclusions were
drawn by Khan et al. (2010). The metal toxicity mechanisms mainly
include protein denaturation, cell membrane disruption, inhibition of
cell division, DNA transcription and enzyme activity (Gupta et al.,
2016; Roane et al., 2015). Therefore, metal charges and/or valence
might have a larger impact in terms of the ion replacing/binding po-
tential on microbial cell membranes/biomolecules as compared to
metal types (Roane et al., 2015). Bio-available metal concentrations
were signiﬁcantly higher in co-contaminated soils than single-metal
contaminated soils. In spite of the possibility that there was relatively
higher metal concentration in co-contaminated soils than single-metal
contaminated soil, previous research proved that soil organic matter
could serve as adsorbents to reduce metal bio-availability and mobility
(Bolan et al., 2014). So the competition among metals for the adsorp-
tion sites could result in the greater metal bio-availability in co-polluted
soils than a singly metal-contaminated soil.
In a moderately acidic soil as used in this study, metal hydroxides
(M-OH+) can be formed via covalent bonding. This indicated that the
mobility of Cd and Pb based on metal charges and/or valance are as-
sociated with organic matter, including microbial biomass (Kim et al.,
2015). Soil organic matter and/or soil clays could serve as negatively
charged sorption sites for cations like Cd2+ and Pb2+ (Seshadri et al.,
2017). The diﬀerential metal availability under sole or conjoint metal
contaminations could be ascribed to the competition among metal ions
for the immobilization sites (Ming et al., 2016; Seshadri et al., 2017). In
addition, soil TOC is highly mediated by active microorganisms and
their role as organic decomposer (Blagodatskaya and Kuzyakov, 2013).
Chen et al. (2014) suggested that the metal bio-availability could po-
tentially modulate soil biochemical processes, and the metal con-
centrations in 0.01M CaCl2 extraction solution are highly related to soil
biochemical reactions (Ok et al., 2011b). Bio-available metals might
inﬂuence microbial activity and C utilization patterns (Wang et al.,
2007), and consequently aﬀect the metal-organic complex formation
and metal release in turn.
The bio-available metal concentration decreased at the end of the
incubation compared to day 7 (Fig. 1). Lu et al. (2005) investigated the
residence time eﬀects on soil metal transformation and found that the
bio-availability of metals decreased with residence time. The binding
between organic matter and metals may contribute to the bio-avail-
ability reduction. In the current study, there was signiﬁcant negative
impact of metal concentration on microbial abundance and MBC for-
mation (Table 3). But, the reduced bio-availability might lead to less
toxicity by the end of the incubation period. As a result, the microbial
abundance increased on day 49. Therefore, the toxicity had negative
inﬂuences on soil living microorganisms, and consequently aﬀected the
soil C dynamics.
4.2. Microbial carbon use under metal stress
Due to metal toxicity, it is not surprising to see suppressed microbial
activity due to metal pollution. The suppression was not only in the
form of total released CO2C, but also in the form of a reduced mi-
crobial respiration rate (Fig. 2). The inhibition of respiration could be
ascribed to the metal negative inﬂuences on microbial enzymatic pro-
cesses, cell functions and nuclei formation (Jiang et al., 2010;
Tchounwou et al., 2012). As a result, soil microorganisms might show
metabolic dysfunction or community alteration, resulting in lower mi-
crobial reproduction but relatively higher energy consumption (Gupta
and Diwan, 2017). The microbial respiration was apparently suppressed
in the current study, which suggested that metals were instantly in-
hibitory to microbial bio-processes. Therefore, metals imperil soil mi-
crobial population, leading to dysfunction and lower activity (Jiang
et al., 2010).
Interestingly, some research found increased microbial activity
under metal stress (Markowicz et al., 2016; Shi and Ma, 2017). This
might be related to the energy re-location from MBC production to cell
maintenance when microorganisms were facing stress (Killham, 1985),
leading to an elevated energy demand of microbial functional groups in
order to survive under undesirable living conditions (Lu et al., 2013;
Zhang et al., 2010). In addition, some microbial functional groups
might show tolerance to heavy metals (Fließbach et al., 1994; Giller
et al., 2009).
Soil MBC is an essential part of soil organic C pool which simulta-
neously regulates soil nutrient transformation and C ﬂow (Dai et al.,
2004). As found in the current study, compared to the prompt response
of microbial activity (respiration) to metals, changes of MBC might be
slower (Knight et al., 1997). Similar eﬀects can also be expected for
microbial functional group based C use pattern changes.
In the comparison of soils without metal pollution, the low value of
the ratio of MBC to soil organic C in CPH could be ascribed to the
decrease of the formation of MBC. Khan et al. (2010) and Zhang et al.
(2008) also noticed that MBC decreased signiﬁcantly with increasing
metal concentrations. This indicated that the MBC was repressed in
metal polluted soils. In addition, there was no signiﬁcant (p > 0.05)
correlation between TOC or TN contents and MBC in this study
(Table 2). The connection between soil organic C and MBC was most
likely constrained by the toxic stress of heavy metal in the soil.
Heavy metal toxicity evolves due to displacement or substitution of
essential elements by toxic metals either in the extracellular enzymes or
in nuclear proteins of microorganisms, damaging cell membrane or
DNA structure (Choppala et al., 2014; Tchounwou et al., 2012). The
formation of MBC was suppressed due to the presence of excess metals
in the contaminated soils, impeding the microbial population to mul-
tiply. However, this would not mean less organic C mineralization,
rather, an increased CO2C release per unit of MBC might be observed.
The current research found higher cost of maintenance (higher qCO2) in
polluted soils, indicating an inhibitory inﬂuence of heavy metals on
MBC eﬃciency while unitizing TOC (Tripathy et al., 2014). The in-
crease in microbial qCO2 indicated that soil microorganisms demanded
increased energy for repair and maintenance under the metals stress
(Fließbach et al., 1994).
On the other hand, microbial processes, including metal bio-
leaching, biosorption and bio-precipitation, might also contribute to
metal immobilization and bio-translocation (Gadd, 2004). Certain
Y. Xu et al. (QYLURQPHQW,QWHUQDWLRQDO²

microorganisms might develop adaptation and tolerance to metal
toxicity by altering their C use preference in the long term (Khan et al.,
2010; Zhang et al., 2010). In treatment CPL and CPH, the microbial
qCO2 values increased at day 49 compared to day 7, implying the trade-
oﬀs between metal impacts and microbial substrate uses.
4.3. Microbial community proﬁles
In this study, MBC was signiﬁcantly correlated with microbial total
PLFA (Table 2) because both of these parameters were a reﬂection of
the total microbial abundance (Bailey et al., 2002; Frostegård et al.,
2011; García-Orenes et al., 2013). Wang et al. (2013) reported that the
G+/G− bacterial ratio was signiﬁcantly positively correlated to the
annual soil respiration rate, while the G+ bacteria were signiﬁcantly
negatively correlated to the same. Therefore, the G− bacterial popu-
lation might contribute to a large proportion of soil microbial respira-
tion compared to other microbial functional groups. In the current
study, the correlation between TOC and speciﬁc microbial populations
was insigniﬁcant (Table 2). However, Kallenbach et al. (2016) de-
monstrated a positive relation between C use eﬃciency and fungal
population size. We also found the reduced fungi abundance in metal-
polluted soil, which also had the highest microbial qCO2. Together with
the common assumption of fungi have higher C use eﬃciency than
bacteria, our results demonstrated by altering microbial functional
groups, the metal pollution subsequently changes microbial community
C use patterns. Therefore, the microbial communities ascribed to C
dynamics were true to some extent.
Depending on metal types and concentration, metals could have
inhibitory or even toxic eﬀect on soil microbial populations (Mudhoo
and Kumar, 2013). Microbial PLFA ﬁngerprints provided the alteration
of microbial biomarkers (Fig. 4) and the impact on microbial commu-
nity (Fig. 5) due to metal stresses. The total microbial PLFA decreased
in heavy metal contaminated soils, and the CPH had more negative
inﬂuences compared to un-contaminated and singly polluted soils
(Table 3). Some microbial functional groups might have higher metal
tolerance, and consequently grow better than other functional groups,
leading to microbial species replacement or diversity loss (Chodak
et al., 2013; Tipayno et al., 2018). Bacteria and fungi comprise the
majority of soil MBC and have important functional roles in soil organic
C degradation (Rinnan and Bååth, 2009; Six et al., 2006). In the current
study, fungal population was signiﬁcantly suppressed in metal-polluted
soils (Table 3). These results conﬁrmed that fungi had more sensibility
under metal stress than bacteria (Liu et al., 2012). On the other hand,
bacterial population showed higher tolerance to metals than fungi.
The shifts in microbial PLFA compositions might regulate the C use
patterns (Liu et al., 2012; Schimel et al., 2007). Compared to bacteria,
fungi have a lower C/N component and C turnover rate (Six et al.,
2006). Hui et al. (2012) found no eﬀect of Pb on bacterial richness and
diversity in a boreal forest soil. They suggested that bacteria showed a
higher capability for avoiding Pb toxicity than fungi. A shift of fungal
and bacteria abundances could lead to C use diﬀerentiation in the
perspective of whole microbial community (Liu et al., 2012). In the
current research, fungal population and fungal PLFAs showed a greater
decrease under metal contaminated soils than bacteria. Consequently,
the microbial C use patterns and microbial C storage performances in
soils were also shifted.
The variation of microbial PLFA proﬁles based on PCA indicated the
metal inﬂuence on certain biomarkers. Microbial PLFAs spread with the
two principal components in Fig. 4, which demonstrated that
10MeC16:0 showed signiﬁcantly diﬀerent response compared to other
PLFAs. Earlier studies demonstrated that the common biomarkers ne-
gatively correlated with metals were: 16:1ω5c, 17:1 ω 8c, 18:1 ω 9c,
18:1ω6c, i14:0, i18:0, 18:0 3OH, 16:0 10Me, 18:0 10Me, a15:1, i16:1,
and 18Me18:1ω7c (Hinojosa et al., 2004; Igalavithana et al., 2017b). In
the current research, the most aﬀected PLFA biomarkers were:
C18:1ω9, iC17:0, C17:0, aC17:0, C16:0 and 10MeC16:0. However, even
with the PCA analysis, it was not conclusive whether one single en-
vironmental factor was responsible for the eﬀect because soil physico-
chemical properties are highly inter-related (Fernández-Calviño et al.,
2010). For instance, Chodak et al. (2013) suggested that soil pH was the
dominant inﬂuence on microbial community composition, while the
toxic inﬂuence of metal was relatively low.
The loading plot demonstrated the eﬀect of metal pollution on mi-
crobial community structure (Fig. 4). The un-contaminated soils were
discrete from those of contaminated soils. A higher metal concentration
had more suppressive inﬂuence on microbial PLFAs, leading to a
smaller microbial population (Khan et al., 2010). The co-pollution of Cd
and Pb could have a greater negative inﬂuence on microbial enzymatic
activities (Khan et al., 2010). Caliz et al. (2012) suggested that toxicity
of Cd to soil microbiota was slightly higher than Pb. The current study
also showed that the combination of Cd and Pb contaminated soil had
more inﬂuence on microbial proﬁles, which might be due to the fact
that co-contaminated soils had a larger metal concentration than the
singly metal polluted soils.
5. Conclusions
The determination of microbial community compositions by as-
saying biomarkers, such as microbial PLFAs, was able to address the
diﬀerent responses of individual functional groups targeting certain
metal stresses. The current study demonstrated that not only microbial
population varied due to metal contamination, microbial C use were
suppressed in soils because of increased energy requirement under
metal stresses. Microbial functional groups also varied with diﬀerent
metal concentrations and types. Noteworthy, heavy metal toxicity had a
greater negative inﬂuence on fungal population than other microbial
functional groups, leading to a reduced F/B ratio. Our results indicate
that the soil microbial communities had adapted to the heavy metals in
the soils, as evidenced by the shifting of functional groups. Metal
toxicity to microbial C use preferences and microbiota abundances were
more aﬀected by metal concentrations than metal type, while microbial
PLFA biomarkers and community populations were inﬂuenced both by
the metal concentration and metal type. Results of this study have
implication in the assessment of phyto- or microbial remediation per-
formance or microbial C use alteration potential at a metal con-
taminated site, and thus to improve the quality of human health by
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reducing the chances of heavy metal's entry into the food chain.
However, the soil sample used in this research was homogenized before
conducting the chemically and microbiology measurements. It should
be noted this might lead to loss of ecologically information and the
interpretation of in situ remediation. Also, future research should in-
vestigate the diﬀerent microbial responses due to incubation length,
especially include the possibility of microbial adaption due to com-
munity shifts among diﬀerent functional groups.
Acknowledgements
Yilu Xu is thankful to the University of Newcastle and Department
of Education and Training, Government of Australia, for awarding her
PhD Scholarship. This research was partly supported by an Australian
Research Council DiscoveryProject (DP140100323).
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2019.01.071.
References
Adriano, D., Wenzel, W., Vangronsveld, J., Bolan, N., 2004. Role of assisted natural re-
mediation in environmental cleanup. Geoderma 122, 121142.
Ahmad, M., Ok, Y.S., Kim, B.Y., Ahn, J.H., Lee, Y.H., Zhang, M., Moon, D.H., Al-Wabel,
M.I., Lee, S.S., 2016. Impact of soybean stover- and pine needle-derived biochars on
Pb and As mobility, microbial community, and carbon stability in a contaminated
agricultural soil. J. Environ. Manag. 166, 131139.
Anderson, T.-H., Domsch, K.H., 1989. Ratios of microbial biomass carbon to total organic
C in arable soils. Soil Biol. Biochem. 21, 471479.
Anderson, T.-H., Domsch, K.H., 1993. The metabolic quotient for CO2 (qCO2) as a speciﬁc
activity parameter to assess the eﬀects of environmental conditions, such as pH, on
the microbial biomass of forest soils. Soil Biol. Biochem. 25, 393395.
Bailey, V.L., Peacock, A., Smith, J.L., Bolton, H., 2002. Relationships between soil mi-
crobial biomass determined by chloroform fumigationextraction, substrate-induced
respiration, and phospholipid fatty acid analysis. Soil Biol. Biochem. 34, 13851389.
Blagodatskaya, E., Kuzyakov, Y., 2013. Active microorganisms in soil: critical review of
estimation criteria and approaches. Soil Biol. Biochem. 67, 192211.
Bligh, E.G., Dyer, W.J., 1959. A rapid method of total lipid extraction and puriﬁcation.
Can. J. Biochem. Physiol. 37, 911917.
Bolan, N., Kunhikrishnan, A., Thangarajan, R., Kumpiene, J., Park, J., Makino, T.,
Kirkham, M.B., Scheckel, K., 2014. Remediation of heavy metal (loid) s contaminated
soils-to mobilize or to immobilize? J. Hazard. Mater. 266, 141166.
Bossio, D.A., Scow, K.M., Gunapala, N., Graham, K., 1998. Determinants of soil microbial
communities: eﬀects of agricultural management, season, and soil type on phos-
pholipid fatty acid proﬁles. Microb. Ecol. 36, 112.
Caliz, J., Montserrat, G., Martí, E., Sierra, J., Cruañas, R., Garau, M.A., Triadó-Margarit,
X., Vila, X., 2012. The exposition of a calcareous Mediterranean soil to toxic con-
centrations of Cr, Cd and Pb produces changes in the microbiota mainly related to
diﬀerential metal bioavailability. Chemosphere 89, 494504.
Carney, K.M., Matson, P.A., 2005. Plant communities, soil microorganisms, and soil
carbon cycling: does altering the world belowground matter to ecosystem func-
tioning? Ecosystems 8, 928940.
Chen, J., He, F., Zhang, X., Sun, X., Zheng, J., Zheng, J., 2014. Heavy metal pollution
decreases microbial abundance, diversity and activity within particle-size fractions of
a paddy soil. FEMS Microbiol. Ecol. 87, 164181.
Chenery, S.R., Izquierdo, M., Marzouk, E., Klinck, B., Palumbo-Roe, B., Tye, A.M., 2012.
Soil-plant interactions and the uptake of Pb at abandoned mining sites in the
Rookhope catchment of the N. Pennines, UK - a Pb isotope study. Sci. Total Environ.
433, 547560.
Chodak, M., Gołębiewski, M., Morawska-Płoskonka, J., Kuduk, K., Niklińska, M., 2013.
Diversity of microorganisms from forest soils diﬀerently polluted with heavy metals.
Appl. Soil Ecol. 64, 714.
Choppala, G., Saifullah, Bolan, N., Bibi, S., Iqbal, M., Rengel, Z., Kunhikrishnan, A.,
Ashwath, N., Ok, Y.S., 2014. Cellular mechanisms in higher plants governing toler-
ance to cadmium toxicity. Plant Sci. 33, 374391.
Creamer, C.A., de Menezes, A.B., Krull, E.S., Sanderman, J., Newton-Walters, R., Farrell,
M., 2015. Microbial community structure mediates response of soil carbon decom-
position to litter addition and warming. Soil Biol. Biochem. 80, 175188.
Dai, J., Becquer, T., Rouiller, J.H., Reversat, G., Bernhard-Reversat, F., Lavelle, P., 2004.
Inﬂuence of heavy metals on C and N mineralisation and microbial biomass in Zn-,
Pb-, Cu-, and Cd-contaminated soils. Appl. Soil Ecol. 25, 99109.
Dilly, O., 2005. Microbial energetics in soil. In: Buscot, F., Varma, A. (Eds.),
Microorganisms in Soils: Roles in Genesis and Functions. Soil Biology. 3 Springer-
Verlag, Berlin, Heidelberg.
Doran, J.W., Parkin, T., 1996. Quantitative indicators of soil quality: a minimum data set.
In: Doran, J.W., Jones, A. (Eds.), Methods for Assessing Soil Quality. Soil Science
Society of America, Madison, pp. 2537.
El-Naggar, A.H., Usman, A.R., Al-Omran, A., Ok, Y.S., Ahmad, M., Al-Wabel, M.I., 2015.
Carbon mineralization and nutrient availability in calcareous sandy soils amended
with woody waste biochar. Chemosphere 138, 6773.
Epelde, L., Hernández-Allica, J., Becerril, J.M., Blanco, F., Garbisu, C., 2008. Eﬀects of
chelates on plants and soil microbial community: comparison of EDTA and EDDS for
lead phytoextraction. Sci. Total Environ. 401 (13), 2128.
Farrell, M., Perkins, W.T., Hobbs, P.J., Griﬃth, G.W., Jones, D.L., 2010. Migration of
heavy metals in soil as inﬂuenced by compost amendments. Environ. Pollut. 158 (1),
5564.
Farrell, M., Prendergast-Miller, M., Jones, D.L., Hill, P.W., Condron, L.M., 2014. Soil
microbial organic nitrogen uptake is regulated by carbon availability. Soil Biol.
Biochem. 77, 261267.
Fernández-Calviño, D., Martín, A., Arias-Estévez, M., Bååth, E., Díaz-Raviña, M., 2010.
Microbial community structure of vineyard soils with diﬀerent pH and copper con-
tent. Appl. Soil Ecol. 46, 276282.
Fließbach, A., Martens, R., Reber, H.H., 1994. Soil microbial biomass and microbial ac-
tivity in soils treated with heavy metal contaminated sewage sludge. Soil Biol.
Biochem. 26, 12011205.
Frey, S., Gupta, V., Elliott, E., Paustian, K., 2001. Protozoan grazing aﬀects estimates of
carbon utilization eﬃciency of the soil microbial community. Soil Biol. Biochem. 33,
17591768.
Frostegård, Å., Tunlid, A., Bååth, E., 1993. Phospholipid fatty acid composition, biomass,
and activity of microbial communities from two soil types experimentally exposed to
diﬀerent heavy metals. Appl. Environ. Microbiol. 59, 36053617.
Frostegård, Å., Tunlid, A., Bååth, E., 2011. Use and misuse of PLFA measurements in soils.
Soil Biol. Biochem. 43, 16211625.
Gadd, G.M., 2004. Microbial inﬂuence on metal mobility and application for bior-
emediation. Geoderma 122, 109119.
García-Orenes, F., Morugán-Coronado, A., Zornoza, R., Scow, K., 2013. Changes in soil
microbial community structure inﬂuenced by agricultural management practices in a
mediterranean agro-ecosystem. PLoS One 8, e80522. https://doi.org/10.1371/
journal.pone.0080522.
Giller, K.E., Witter, E., Mcgrath, S.P., 2009. Heavy metals and soil microbes. Soil Biol.
Biochem. 41, 20312037.
Gupta, P., Diwan, B., 2017. Bacterial exopolysaccharide mediated heavy metal removal: a
review on biosynthesis, mechanism and remediation strategies. Biotechnol. Rep.
(Amst.) 13, 5871.
Gupta, A., Joia, J., Sood, A., Sood, R., Sidhu, C., Kaur, G., 2016. Microbes as potential tool
for remediation of heavy metals: a review. J. Microb. Biochem. Technol. 8, 364372.
Hinojosa, M.B., Carreira, J.A., García-Ruíz, R., Dick, R.P., 2004. Soil moisture pre-treat-
ment eﬀects on enzyme activities as indicators of heavy metal-contaminated and
reclaimed soils. Soil Biol. Biochem. 36, 15591568.
Houben, D., Evrard, L., Sonnet, P., 2013. Mobility, bioavailability and pH-dependent
leaching of cadmium, zinc and lead in a contaminated soil amended with biochar.
Chemosphere 92, 14501457.
Hui, N., Liu, X.X., Kurola, J., Mikola, J., Romantschuk, M., 2012. Lead (Pb) contamination
alters richness and diversity of the fungal, but not the bacterial community in pine
forest soil. Boreal Environ. Res. 17, 4658.
Igalavithana, A.D., Farooq, M., Kim, K.H., Lee, Y.H., Qayyum, M.F., Al-Wabel, M., Lee,
S.S., Ok, Y.S., 2017a. Determining soil quality in urban agricultural regions by soil
enzyme-based index. Environ. Geochem. Health 39, 15311544.
Igalavithana, A.D., Lee, S.-E., Lee, Y.H., Tsang, D.C.W., Rinklebe, J., Kwon, E.E., Ok, Y.S.,
2017b. Heavy metal immobilization and microbial community abundance by vege-
table waste and pine cone biochar of agricultural soils. Chemosphere 174, 593603.
Isbell, R.F., 1996. The Australian Soil Classiﬁcation. Vol. 4 Australian Soil and Land
Survey Handbook.
Jiang, J., Wu, L., Li, N., Luo, Y., Liu, L., Zhao, Q., Zhang, L., Christie, P., 2010. Eﬀects of
multiple heavy metal contamination and repeated phytoextraction by Sedum plum-
bizincicola on soil microbial properties. Eur. J. Soil Biol. 46, 1826.
Kallenbach, C.M., Frey, S.D., Grandy, A.S., 2016. Direct evidence for microbial-derived
soil organic matter formation and its ecophysiological controls. Nat. Commun. 7,
13630.
Khan, S., Qing, C., Hesham, A.E.L., Yue, X., He, J.Z., 2007. Soil enzymatic activities and
microbial community structure with diﬀerent application rates of Cd and Pb. J.
Environ. Sci. 19 (7), 834840.
Khan, S., Hesham, A.E.-L., Qiao, M., Rehman, S., He, J.-Z., 2010. Eﬀects of Cd and Pb on
soil microbial community structure and activities. Environ. Sci. Pollut. Res. 17,
288296.
Killham, K., 1985. A physiological determination of the impact of environmental stress on
the activity of microbial biomass. Environ. Pollut. 38, 283294.
Kim, R.-Y., Yoon, J.-K., Kim, T.-S., Yang, J.E., Owens, G., Kim, K.-R., 2015. Bioavailability
of heavy metals in soils: deﬁnitions and practical implementation-a critical review.
Environ. Geochem. Health 37, 10411061.
Knight, B.P., McGrath, S.P., Chaudri, A.M., 1997. Biomass carbon measurements and
substrate utilization patterns of microbial populations from soils amended with
cadmium, copper, or zinc. Appl. Environ. Microbiol. 63, 3943.
Lamb, D.T., Kader, M., Ming, H., Wang, L., Abbasi, S., Megharaj, M., Naidu, R., 2016.
Predicting plant uptake of cadmium: validated with long-term contaminated soils.
Ecotoxicology 25, 15631574.
Lehmann, J., Kleber, M., 2015. The contentious nature of soil organic matter. Nature 528,
6068.
Leita, L., De Nobili, M., Mondini, C., Garcia, M.B., 1993. Response of Leguminosae to
cadmium exposure. J. Plant Nutr. 16, 20012012.
Lenart, A., Wolny-Koładka, K., 2013. The eﬀect of heavy metal concentration and soil pH
on the abundance of selected microbial groups within ArcelorMittal Poland steel-
works in Cracow. Bull. Environ. Contam. Toxicol. 90, 8590.
Y. Xu et al. (QYLURQPHQW,QWHUQDWLRQDO²

Liu, Y., Zhou, T., Crowley, D., Li, L., Liu, D., Zheng, J., Yu, X., Pan, G., Hussain, Q., Zhang,
X., 2012. Decline in topsoil microbial quotient, fungal abundance and carbon utili-
zation eﬃciency of rice paddies under heavy metal pollution across South China.
PLoS One 7, e38858.
Lu, A., Zhang, S., Shan, X., 2005. Time eﬀect on the fractionation of heavy metals in soils.
Geoderma 125, 225234.
Lu, M., Xu, K., Chen, J., 2013. Eﬀect of pyrene and cadmium on microbial activity and
community structure in soil. Chemosphere 91, 491497.
Margesin, R., Płaza, G.A., Kasenbacher, S., 2011. Characterization of bacterial commu-
nities at heavy-metal-contaminated sites. Chemosphere 82, 15831588.
Markowicz, A., Płaza, G., Piotrowska-Seget, Z., 2016. Activity and functional diversity of
microbial communities in long-term hydroC and heavy metal contaminated soils.
Arch. Environ. Protect. 42, 311.
Miller, W.P., Miller, D.M., 1987. A micro-pipette method for soil mechanical analysis.
Commun. Soil Sci. Plant Anal. 18, 115.
Mine, N.A.C., 2014. Topsoil Management Plan.
Ming, H., Naidu, R., Sarkar, B., Lamb, D.T., Liu, Y., Megharaj, M., Sparks, D., 2016.
Competitive sorption of cadmium and zinc in contrasting soils. Geoderma 268,
6068.
Mudhoo, A., Kumar, S., 2013. Eﬀects of heavy metals as stress factors on anaerobic di-
gestion processes and biogas production from biomass. Int. J. Environ. Sci. Technol.
10, 14721735.
Neethu, C., Mujeeb Rahiman, K., Saramma, A., Mohamed Hatha, A., 2015. Heavy-metal
resistance in Gram-negative bacteria isolated from Kongsfjord, Arctic. Can. J.
Microbiol. 61, 429435.
Noble, A.D., Randali, P.J., 1999. Alkalinity eﬀects of diﬀerent tree litters incubated in an
acid soil of N.S.W., Australia. Agrofor. Syst. 46 (2), 147160.
Noble, A.D., Zenneck, I., Randall, P.J., 1996. Leaf litter ash alkalinity and neutralisation
of soil acidity. Plant Soil 179, 293302.
Ok, Y.S., Lee, S.S., Jeon, W.-T., Oh, S.E., Usman, A.R.A., Moon, D.H., 2011a. Application
of eggshell waste for the immobilization of cadmium and lead in a contaminated soil.
Environ. Geochem. Health 33, 3139.
Ok, Y.S., Lim, J.E., Moon, D.H., 2011b. Stabilization of Pb and Cd contaminated soils and
soil quality improvements using waste oyster shells. Environ. Geochem. Health 33,
8391.
Pocknee, S., Sumner, M.E., 1997. Cation and nitrogen contents of organic matter de-
termine its soil liming potential. Soil Sci. Soc. Am. J. 61, 8692.
Rinnan, R., Bååth, E., 2009. Diﬀerential utilization of carbon substrates by bacteria and
fungi in tundra soil. Appl. Environ. Microbiol. 75, 36113620.
Roane, T.M., Pepper, I.L., Gentry, T.J., 2015. Microorganisms and Metal Pollutants in
Environmental Microbiology, 3rd edition. pp. 415439.
Ross, D.S., Quirine, K., 1995. Recommended methods for determining soil cation ex-
change capacity. In: Sims, J.T., Wolf, A. (Eds.), Recommended Soil Testing
Procedures for the Northeastern United States. 2. pp. 6270.
Salimi, M., Amin, M.M., Ebrahimi, A., Ghazifard, A., Najaﬁ, P., 2012. Inﬂuence of elec-
trical conductivity on the phytoremediation of contaminated soils to Cd2+ and Zn2+.
Int. J. Environ. Health Eng. 1, 11.
Schimel, J., Balser, T.C., Wallenstein, M., 2007. Microbial stress-response physiology and
its implications for ecosystem function. Ecology 88, 13861394.
Seshadri, B., Bolan, N.S., Naidu, R., 2015. Rhizosphere-induced heavy metal (loid)
transformation in relation to bioavailability and remediation. J. Soil Sci. Plant Nutr.
15, 524548.
Seshadri, B., Bolan, N.S., Choppala, G., Kunhikrishnan, A., Sanderson, P., Wang, H.,
Currie, L.D., Tsang, D., Ok, Y.S., Kim, K., 2017. Potential value of phosphate
compounds in enhancing immobilization and reducing bioavailability of mixed heavy
metal contaminants in shooting range soil. Chemosphere 184, 197206.
Shi, W., Ma, X., 2017. Eﬀects of heavy metal cd pollution on microbial activities in soil.
Ann. Agric. Environ. Med. 24, 722725.
Six, J., Frey, S., Thiet, R., Batten, K., 2006. Bacterial and fungal contributions to carbon
sequestration in agroecosystems. Soil Sci. Soc. Am. J. 70, 555569.
Sparks, D.L., Fendorf, S.E., Toner, C.V., Carski, T.H., 1996. Kinetic methods and mea-
surements. In: Arnold, K., Page, A.L. (Eds.), Methods of Soil Analysis-Chemical
Methods (vol.3), SSSA Book Series 5.3. Soil Science Society of America, American
Society of Agronomy, US, pp. 12751308.
Tchounwou, P.B., Yedjou, C.G., Patlolla, A.K., Sutton, D.J., 2012. Heavy Metal Toxicity
and the Environment. Molecular, Clinical and Environmental Toxicology. Springer,
pp. 133164.
Tipayno, S.C., Truu, J., Samaddar, S., Truu, M., Preem, J.K., Oopkaup, K., Espenberg, M.,
Chatterjee, P., Kang, Y., Kim, K., Sa, T., 2018. The bacterial community structure and
functional proﬁle in the heavy metal contaminated paddy soils, surrounding a non-
ferrous smelter in South Korea. Ecol. Evol. 8, 61576168.
Tripathy, S., Bhattacharyya, P., Mohapatra, R., Som, A., Chowdhury, D., 2014. Inﬂuence
of diﬀerent fractions of heavy metals on microbial ecophysiological indicators and
enzyme activities in century old municipal solid waste amended soil. Ecol. Eng. 70,
2534.
Vance, E.D., Brookes, P.C., Jenkinson, D.S., 1987. An extraction method for measuring
soil microbial biomass C. Soil Biol. Biochem. 19, 703707.
Wang, Y., Shi, J., Wang, H., Lin, Q., Chen, X., Chen, Y., 2007. The inﬂuence of soil heavy
metals pollution on soil microbial biomass, enzyme activity, and community com-
position near a copper smelter. Ecotoxicol. Environ. Saf. 67, 7581.
Wang, Q., He, T., Wamg, S., Liu, L., 2013. Carbon input manipulation aﬀects soil re-
spiration and microbial community composition in a subtropical coniferous forest.
Agric. For. Meteorol. 178, 152160.
Wertz, S., Degrange, V., Prosser, J.I., Poly, F., Commeaux, C., Guillaumaud, N., Le Roux,
X., 2007. Decline of soil microbial diversity does not inﬂuence the resistance and
resilience of key soil microbial functional groups following a model disturbance.
Environ. Microbiol. 9 (9), 22112219.
Wuana, R.A., Okieimen, F.E., 2011. Heavy metals in contaminated soils: a review of
sources, chemistry, risks and best available strategies for remediation. ISRN Ecol.
2011, 20. https://doi.org/10.5402/2011/402647.
Xu, Y., Seshadri, B., Sarkar, B., Wang, H., Rumpel, C., Sparks, D., Farrell, M., Hall, T.,
Yang, X., Bolan, N.S., 2018. Biochar modulates heavy metal toxicity and improves
microbial carbon use eﬃciency in soil. Sci. Total Environ. 621, 148159.
Yan, F., Schubert, S., Mengel, K., 1996. Soil pH increase due to biological decarboxylation
of organic anions. Soil Biol. Biochem. 28, 617624.
Yang, Y., Song, Y., Scheller, H.V., Ghosh, A., Ban, Y., Chen, H., Tang, M., 2015.
Community structure of arbuscular mycorrhizal fungi associated with Robinia
pseudoacacia in uncontaminated and heavy metal contaminated soils. Soil Biol.
Biochem. 86, 146158.
Zelles, L., 1999. Fatty acid patterns of phospholipids and lipopolysaccharides in the
characterisation of microbial communities in soil: a review. Biol. Fertil. Soils 29,
111129.
Zhang, Y., Zhang, H.-W., Zhen-Cheng, S., Zhang, C.-G., 2008. Soil microbial character-
istics under long-term heavy metal stress: a case study in Zhangshi wastewater irri-
gation area, Shenyang. Pedosphere 18, 110.
Zhang, F., Li, C., Tong, L., Yue, L., Li, P., Cirend, Y., Cao, C., 2010. Response of microbial
characteristics to heavy metal pollution of mining soils in central Tibet, China. Appl.
Soil Ecol. 45, 144151.
Y. Xu et al. (QYLURQPHQW,QWHUQDWLRQDO²

